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TECHNICAL ABSTRACT

In northern California, the BSL and the USGS Menlo Park dmlate to provide the timely and
reliable earthquake information to the federal, state,landl governments, to public and private
agencies, and to the general public. This joint earthquaki®ication system provides enhanced
earthquake monitoring by building on the strengths of thetiNean California Seismic Network
(NCSN), operated by the USGS Menlo Park, and the Berkelejtddi§eismic Network (BDSN),

operated by the UC Berkeley Seismological Laboratory.

During this reporting period, the BSL worked with the USGSriltePark to enhance and im-

prove earthquake reporting in northern California. Impottareas of activity include:

e Implementation of finite-fault estimation modules
e Improvements in moment tensor codes
¢ Installation and operation of ShakeMap

e Design and preliminary implementation of new software eyst



2. CURRENT CAPABILITIES

In 1996, the BSL and USGS began collaboration on a joint watifon system for northern
and central California earthquakes. The current systeng@sehe programs in Menlo Park and
Berkeley into a single earthquake notification system, damf data from the NCSN and the
BDSN. Today, the BSL and USGS system forms the Northern @aif Management Center
(NCMC) of the California Integrated Seismic Network (CISMich is the California "region”
of the ANSS.

The details of the Northern California processing systeohthe REDI project have been de-
scribed in past reports. In this section, we will describe time Northern California Management
Center fits within the CISN system, detail developments tlertime period of this grant, and
discuss plans for the future development.

Figure lillustrates the NCMC as part of the the CISN commatioos ring. The NCMC is a dis-
tributed center, with elements in Berkeley and Menlo Paitke 35 mile separation between these
two centers is in sharp contrast to the Southern Californam&fiement Center, where the USGS
Pasadena is located across the street from the Caltech @eggoal Laboratory. With funding
from the State of California, the CISN partners have esthblil a dedicated T1 communications
link, with the capability of falling back to the Internet. bddition to the CISN ring, the BSL
and the USGS Menlo Park have a second dedicated communmitialtdo provide bandwidth for
shipping waveform data and other information between {hir@icessing systems.

Figure 2 provides more detail on the current system at the BRCM present, two Earthworm-
Earlybird systems in Menlo Park feed two "standard” REDIqassing systems at UC Berkeley
[Gee et al., 2003]. One of these systems is the production or pagingsydhe other is set up
as a hot backup. The second system is frequently used toewstaftware developments before
migrating them to the production environment. The Earti@iarlybird-REDI systems perform
the standard detection, location, estimation\ff, M, andM,,, as well as processing of ground
motion data. The computation of ShakeMayal[d et al., 1999] is also performed on two systems,
one in Menlo Park and one in Berkeley, as described above dditi@anal system performs finite-
fault processing and the computation of higher level ShakeMShakeMaps that account for finite
faulting).

The dense network and Earthworm-Earlybird processingrenmient of the NCSN provides
rapid and accurate earthquake locations, low magnitudectlet thresholds, and first-motion
mechanisms for smaller quakes. The high dynamic range dgtets, digital telemetry, and
broadband and strong-motion sensors of the combined BDSNMNand REDI analysis software
provide reliable magnitude determination, moment tenstmation, peak ground motions, and
source rupture characteristics. Robust preliminary hgpters are available about 25 seconds after
the origin time, while preliminary coda magnitudes followttwn 2-4 minutes. Estimates of local
magnitude are generally available 30-120 seconds latdrotrer parameters, such as the peak
ground acceleration and moment magnitude, follow withhrhinutes (Figure 3).

Earthquake information from the joint notification systesrdistributed by pager/cellphone, e-
mail, and the WWW. The first two mechanisms "push” the infatiorato recipients, while the
current Web interface requires interested parties to elgtseek the information. Consequently,
paging and, to a lesser extent, e-mail are the preferredadetior emergency response notifica-
tion. Therecentegs site has enjoyed enormous popularity since its introdacéiod provides a
valuable resource for information whose bandwidth excéeelimits of wireless systems and for
access to information which is useful not only in the secamdsediately after an earthquake, but
in the following hours and days as well.

3. 2001-2004 DEVELOPMENTS

Here we recap some of the important developments in the RE&ems during the contract
period.
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Figure 1. Schematic diagram illustrating the connectiigtween the real-time processing systems at the USGS
Menlo Park and UC Berkeley, forming the northern CaliforMianagement Center, and with other elements of the
CISN.

3.1 Finite Fault Estimation

At the beginning of this contract period, the BSL had stattetlansfer the codes for estimating
faulting parameters and simulating ground motions from &eldgment platform to the REDI
operational environment. Based on the development effaméger and Kaverina [1999; 2000],
these codes use broadband waveform data combined withiaratsbf the seismic moment tensor
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Figure 2: Detailed view of the current Northern Californf@agessing system, showing the two Earthworm-Earlybird-
REDI systems, the two ShakeMap systems, and the finite ggsiem.

to determine faulting parameters.

At the time of this development, the "standard” REDI protegssystem (Gee et al., 1996]
was implemented within a single computer, running on eadh®two data acquisition systems
(athos and porthos in Figure 2). Because of the computdtioad of the finite-fault processing,
we decided to implement these modules on a separate congystem. In order to support this
effort, two additional stages were added to the standarcessing (Figure 4). Stage 4 extracts the
waveform data required for the finite-fault processing atad)& 5 "packs” the event up by creating
a tarfile and shipping it to the finite-fault processing cotepusing FTP. The approach of creating
a tarfile and using FTP insured a reliable data transfer dimeeREDI system was not using a
DBMS at that time.

The second computer system (aramis in Figure 2) is runningRlRystem comprised of 4
stages - two associated with the determination of finitdt-faarameters and two associated with
the prediction of ground motion parameters, based on thefiault information.

In Stage 0, waveform data are prepared for inversion andrestgimates of the fault dimensions
are derived using the empirical scaling relationshipafs and Coppersmith [1994]. Using these
parameters to constrain the overall dimensions of the detdsource, the stage tests the two pos-
sible fault planes obtained from the moment tensor invarsieer a range of rupture velocities by
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Figure 3: lllustration of the current (solid lines) and plad/proposed (dotted lines) development of real-time pro-
cessing in northern California. The Finite Fault | and Il fully implemented within the REDI system at UC Berkeley
and are integrated with ShakeMap. The resulting maps drbeitig evaluated and are not currently available to the
public.

performing a series of inversions using a line-source pr@tion. In addition to the identifica-
tion of the fault plane and apparent rupture velocity, ttege yields preliminary estimates of the
rupture length, dislocation rise time, and the distribaitdd slip in one dimension.

Stage 1 combines the results of the line-source inversitimtive directivity-corrected attenua-
tion relationships ofomerville et al [1997] to simulate ground motions in the near-source region
"FFShake” computes peak ground acceleration, peak groelodity, and spectral response at 0.3,
1.0, and 3.0 sec period, which are the values used in Shakefdiap grid of pseudo-stations
in the vicinity of the epicenter. The predicted ground mesiare automatically incorporated in
ShakeMap updates as described below.

In Stage 2, the second component of the finite-fault paramaten uses the best-fitting fault
plane and rupture velocity from Stage 0 to obtain a more réfimage of the fault slip through a
full two-dimensional inversion. If line-source inversitails to identify the probable fault (due to
insufficient separation in variance reduction), the fulldrsion is computed for both fault planes.
In the present implementation, the full inversion requ8s30 minutes per plane, depending on
the resolution, on a Sun UltraSPARC1/200e.

Stage 3 completes the cycle by simulating the near-fawdhgtground motion parameters by
convolving the velocity structure response with the firigekt slip distribution. As in Stage 1,
"FFShake” computes peak ground acceleration, peak groelodity, and spectral response at 0.3,
1.0, and 3.0 sec period for a grid of pseudo-stations in ttiaity of the epicenter and pushes these
ground motions to the ShakeMap system.
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The first "test” of the system was the 8/10/2001 Portola eprdlke, although the event was
essentially too smalli/;, 5.5) to be diagnostic. However, the 12/22/2QU3 6.5 San Simeon
earthquake provided a real test and illustrated the impoetaf this methodology for the rapid
enhancement of ShakeMaps in areas without seismic stations

3.2 ShakeMap

In 2001, the BSL worked with the USGS Menlo Park to install i&iMap at UC Berkeley.
Although USGS personnel had done most of the work to adagrtigram to northern California,
development was required to integrate the ShakeMap padkamgthe REDI environment. In the
process, BSL staff identified and fixed some minor bugs in tifitsvare.

The initial motivation for this effort was the desire to igtate the ground motions predicted
from the finite-fault inversions into the ShakeMap generati The goal is to provide updated
ShakeMaps as more information about the earthquake s@awailable. The ShakeMap software



is structured to allow the use of different "estimates” fildsat is, to incorporate ground motions
predicted by alternate means.

As shown in Figure 4, the REDI processing system is intedrati¢h the ShakeMap software
at several levels. "Event.ixt” files are generated at séwtages - these files tell the ShakeMap
software to wake-up and process an event. A ShakeMap is aedefollowing Stage 2 in the
Standard processing and updated if a revised estimate afitndg is obtained following Stage 3.

For events which trigger the Finite-Fault processing neastes of ground motions based on the
results of the line-source computation and the full 2D isi@r are produced in the "FFShake”
stages. "Estimates.xml” files are generated and pushectS8hhkeMap package. The output of
the line source computation produces what we call an "EmrcgtishakeMap”, while output from
the 2D inversion produces a "Conservative ShakeMap”. KEduillustrates the three different
methodologies with examples from an M6 earthquake whichuiwed in the Mammoth Lakes
region in May 1999. Very few data were available to consttl@se maps. This event is somewhat
small for this methodology, but the impact of the successi@ovements in the ground motion
estimates is clearly illustrated.

Following this initial implementation in 2001 to integratee results of ground motion simu-
lations in ShakeMap, the BSL and USGS/Menlo Park staff metugust 2002 to discuss how
to improve the robustness of ShakeMap operation in nort@atiornia. At that time, the "offi-
cial” ShakeMaps in northern California depended on theatpsr of a single computer, located in
Menlo Park. This was in contrast to other earthquake mangarperations, where 2 parallel sys-
tems provide back-up capability should a computer fail. BB& and USGS Menlo Park agreed to
bring up a second ShakeMap system at UC Berkeley as a twiooe cf the Menlo Park system.

The implementation of the second ShakeMap system was ctedpieearly 2003, using one of
the new CISN processing computers. Both ShakeMap systesriseadriven off the "production”
monitoring system and both are configured to allow distrdsubf ShakeMaps to the Web and to
recipients such as OES. At any one time, however, only ortesydistributes information.

In parallel, Pete Lombard at the BSL was trained to revienwk8N&aps following an earthquake.
Since early in 2003, the BSL and the USGS have been tradingspensibility of ShakeMap pro-
duction every two weeks. The key to making a ShakeMap madbkesover the production duty
is to copy the earthquake database file from the former ptamumachine to the new production
machine. In that way, both machines can produce consisteke®Map archive lists.

The BSL has started work on a system to help with review of 8k&ps. By modifying the
programgr i nd, we now write logs of the PGA and PGV values from station déuaregression
curve, and the limits used lgyr i nd to flag outlier stations. This data is then plotted on amgétu
vs. distance log-log plots. While this simple plot loses $patial information available from a
map view, it accurately reflects the process that grind useiagging stations. And the outlying
data are more apparent on the x-y plots. For now, our plotirtipne by a crude script running
ghupl ot . We intend at least to change this to use GMT for plotting. Amdimagine that some
day a pair of "clickable” plots could be presented on an ma&kVeb server for use by ShakeMap
reviewers.

3.3 Redliable hypocenter transfer

The USGS and BSL modified their system in 2001 to implemenliable transfer mechanism
for sending hypocenters from the Earlybird system to REDI1996, the hypocenter transfer
was implemented using a socket-based connection: Eatlylmuld open a socket, transfer the
file, and then close the socket. This mechanism did not hagaing capability and events were
occasionally lost during problems with connectivity beénweBerkeley and Menlo Park. In order
to improve the reliability of the data transfers, the USG8 BSL modified their systems to use
the Menlo Park "file flinger”, which uses a queuing mechanidihe REDI system has used the
file-flinger to send ground-motion data to the Earthworm DBIMIShe last few years.



Finite-Fault Inversion - Line source Finite-Fault Inversion - 2D fault
Hypocenter :D Source o
Strong-Motion Data Mechanism| — Both fault planes ) C—> | Bestfiting plane (or both)
Range of rupture velocity Best rupture velocity
Location Causal plane . S_Iip .
Magnitude Source dimensions distribution
Strong . Strong Empirical Strong Empirical Deterministic
Motion I::‘] Attenu_anon Motion peak ground Motion [:::] peak ground | | max| | peak ground
Data Relations Data motions Data motions motions

10 ﬂ:ﬂ $ .
I I

ShakeMap V2.0 Empirical ShakeMap Conservative ShakeMap

10 AMPDT M6.0 N37.53W118.82 ID:21014765

Figure 5: Summary of the three levels of ShakeMaps produgetthids REDI system, with an example for an M6
earthquake in the Mammoth Lakes region. Note that the coimitervals vary from plot to plot.

3.4 Support for SNCL

In 2002, we completed the implementation of full SEED chamaenes in the REDI software.
In the past, the REDI system had used Station/Network/GHgBMNC) to describe a unique wave-
form channel. However, the evolution of the BDSN and expdrihkta exchange with other net-
works created the need to implement Location code or theSNICL convention. In parallel, the
NCSN has adopted the use of the SNCL convention, as it hagdgaitie-breaking” capability in
describing instrumentation at a site. To support the fuEBEonvention within REDI, a number
of modules which handle waveform data and channel-spenfficrnation required changes.

In 2003-2004, we worked with the USGS Menlo Park to implentecdtion codes in the Earth-
worm software package. Northern California has been istecein using location codes for a
number of years and reached an agreement with the Earthwewetogyment team to allow Berke-



ley and Menlo Park to modify the codes. With both these co@daghs, the NCMC is finalizing a
plan for migrating to use of these codes in real-time.

3.5 Channd sdection

Most of the REDI processing modules depend on raw waveforta. dAn important imple-
mentation within REDI in 2002 has been a "station-avaiigpifile which modules read before
requesting data. In practice, this file is used to removéostaiwith telemetry problems, sensor
failure, or other difficulties from processing. Concurresith the implementation of SEED SNLC,
we extended the use of this file to the channel level. Indeidhannels may now be controlled for
use in each REDI module. For example, a channel may be uséd,festimation, but deemed too
noisy for a moment tensor inversion. Similarly, this filecaldlows preferences to be set among
multiple channels at a particular station. For example,nioenent tensor and finite-fault codes
normally use data from the broadband sensors, but will sdkgea from the accelerometers if the
broadband data are clipped.

3.6 Moment Tensor codes

As part of the changes for supporting SNCL, BSL staff put aberable time into recasting the
moment tensor stage of REDI. For the last 5-6 years, the REiphemt tensor stage has run two
methodologies for computing moment tensors. Both of thesgrams were developed at the BSL
as part of the research environment and then migrated to Rg&rations.

The original codes are a combination of scripts and prograr@sand Fortran. Many parameters
such as channel usage (for example, use of LHZ, LHN, and LiHH)sampling rates were hard-
wired. As part of this effort, we identified several probletnde addressed: rejection of clipped
data, use of an instrument response API, use of the new chegleetion files, support for SNCL,
and generally get away from hardwired assumptions aboatrd#s and channel orientation. In
addition, we wanted to install a new velocity model for equtakes in the Cape Mendocino area,
developed by Fumiko Tajima and Doug Dreger.

After reviewing both the complete waveform and surface waversion codes, the BSL decided
to focus on modifications to the complete waveform methagipld hese programs are more self-
contained that the surface wave codes and the original al@seDoug Dreger) is still at UC
Berkeley. The modifications were completed in mid-May 2082. part of the CISN efforts to
standardize and calibrate software, the complete wavetomhes were packaged together along
with documentation and provided to the Caltech/USGS Pasad8SL staff are working with
Caltech personnel as they implement the moment tensor codesithern California.

In parallel, we also developed the tools to distribute theéesged moment tensor solutions as
recentegs addons.

3.7 M,

The REDI system has routinely produced automatic estinaftesoment magnitudel({,,) for
many years. However, these estimates have not routinety as¢he “official” magnitude, due
in part to questions about the reliability of the automattusons. However, in response to the
05/14/2002 Gilroy earthquakéf, 4.9, M, 5.1) and the complications created by the publication
of multiple magnitudes, the BSL and USGS Menlo Park haveeajte use automatically deter-
mined moment magnitudes, when available, to supplememasts of local magnitudel(,).
This work was completed in the last year ahf, is now routinely reported when the solution is
"good enough”.

When is a solution "good enough™? This question has beenrusg&w in the last year - both
to ensure reliable reporting af/,, in northern California and as part of the CISN-effort to bfitdn
rules for a magnitude hierarchy. Figures 6 & 7 illustrate taget compiled since the most recent
modification of the moment tensor software. The datasetaids that the estimafe,, from the
complete waveform inversion is quite robust for when a var@gareduction of 40% or higher is
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Figure 6: Left: Left: Comparison of the two regional estiembf moment magnitude — the complete waveform (CW)
and the surface wave (SW) methods — from the last year of RE&lIts and a few older events rerun through the
system. As observed iRasyanos et al. [1996], the estimates of moment from the surface wave iwersre larger
than the complete waveform inversion. Right: Comparisothefestimates of/,, from automatic and reviewed
complete waveform solutions.

obtained. In general, earthquakes of M4.5 and higher alalastys achieve that level of variance
reduction. Under the current rules, the Northern CalifaMianagement Center always reports
M,, if the variance reduction is 40% or better.

We have also looked at comparisons between our regionatastiofM/,, and the moment mag-
nitudes determined by Harvard as part of the Centroid Momensor project. Figure 8 illustrates
the regional)M,, compared with the CMTM,,, along with comparisons between the NEIC es-
timates ofM,,, m,, M, and the CMTAM,,. This dataset spans approximately 60 events in the
western US and good agreement between the regional and giefiaods is observed, although
there appears to be a systematic difference in the estirobagproximately 0.08 - 0.09 magnitude
units, with the CMT estimate being higher.

3.8 Version Numbers/Quake Data Delivery System (QDDYS)

In 2002-2003, the BSL and the USGS Menlo Park completed thera@ modifications neces-
sary to track version numbers in the processing system.ioveraimbers are important for iden-
tifying the latest (and therefore hopefully the best) hygrder and magnitude for an earthquake.
Because both Menlo Park and Berkeley can be a source of aak@gnformation, it was critical
to design a common versioning system. The modificationsleddbe BSL to begin contributing
solutions to QDDS, increasing the robustness of data biigtan in northern California. At the
present time, the USGS Menlo Park distributes solutionsabthe 3 QDDS hubs and the BSL
distributes solutions to 2 of the 3 hubs (that is, 2 hubs weceotices from either the USGS or the
BSL and 1 hub receives notices from both). This implemeortaghould allow information to be
distributed in the case of Internet shutdown of the Depantratlnterior (as occurred in December
2001 - see below).
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3.9 Dataexchange

Over the last three years, we have worked with the Univeddityevada, Reno, to enhance the
earthquake monitoring capabilities in northern Califarand Nevada. As part of this agreement,
we agreed to exchange waveform data. At the present, tlorepanent data from BK stations
CMB, WDC, MOD, and ORV and vertical component data from YBEBC] HOPS, WENL, SAO,
and KCC are being sent to UNR. In exchange, the BSL is reagithiree-component data from
NN stations BEK, OMM, PAH, and WCN. In addition, UNR is forvaang data from the NSN
stations WVOR, MNV, DAC, and ELK. The UNR sensors are Gurdp<gland these stations will
enhance the REDI capabilities in eastern California andemedNevada.

We initially established this waveform exchange using tlagtlisvorm import/export mecha-
nisms, but experienced problems with unexplained timemuddoss of socket connections. While
BSL and UNR staff were working to resolve these problems thighEarthworm modules, IRIS ne-
gotiated a license with BRTT that allowed member univegsito use components of the Antelope
software system. Since UNR is using the Antelope softwardrite their real-time earthquake
processing system, BSL staff installed the appropriatepmrants at UCB. The real-time wave-
form exchange has been migrated to the Antelope system aadevexperiencing fewer problems
with the exchange. This has been relatively stable for thieskeveral months. As part of this effort,
we also modified our data exchange with UCSD to use the Angatbent.

This waveform exchange is a critical first step to improving monitoring efforts at both UNR
and UCB/USGS. David Oppenheimer and Lind Gee visited the @¢Rmological Laboratory
following the August 10, 2001 Portola earthquake to dis@ibsr measures for improving earth-
guake monitoring in eastern California and western Nevadgart of these discussions, work is
underway to establish an exchange of parametric data aasvilprovide UNR with access to the
strong-motion data from the NSMP.
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NEIC; upper left:m; from NEIC; upper right:A/; from NEIC.

3.10 Database |mplementation

During the past year, the BSL completed modifications to enp@nt a database within real-time
system. At this point, the database is used as a storagersysti@plementing the flat files that
have been the basis of the REDI system. The modified softwasabw been installed on both
REDI platforms and is operating well.

This is the first step toward the migration of the real-timeiemment from the flat files currently
in use in northern California to a database centric modelpmadides the key to better integration
of the Berkeley and Menlo Park operations as well as a monmalssa operation between real
time and the archive. Our efforts to design and develop tystesn are described in the next
section. Users can access the database results througitiaadda interfaces at the the Northern
California Earthquake Data Cententt p: / / quake. geo. ber kel ey. edu/ db/ Sear ch/

Pl / dbsel ect . ht m

3.11 System Development

As part of ongoing efforts to improve the monitoring systeamsorthern California, the BSL
and the USGS Menlo Park have begun to plan for the next geoerait the northern California
joint notification system.

Figure 2 illustrates the current organization of the twaeys. As described above, an Earth-
worm/Earlybird component is tied to a REDI component andpie form a single ”joint notifi-
cation system”. Although this approach has functionedaeally well over the last 8 years, there
are a number of potential problems associated with the agparof critical system elements by
30 miles of San Francisco Bay.
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Figure 9: Future design of the Northern California EartHguBlotification System. In contrast with the current
situation (Figure 2), the system is being redesigned tgrate the Earthworm/Earlybird/REDI software into a single
package. Parallel systems will be run at the Berkeley andd/fark facilities of the Northern California Operations
Center.

Recognizing this, we intend to redesign the Northern Calibooperations so that a single in-
dependent system operates at the USGS and at UC Berkeleye Rdllustrates the overall con-
figuration. In FY01/02, our discussions proceeded to thgestd establishing specifications and
determining the details required for design. In FY02/03yéeer, most of the development effort
focused on CISN activities and specific plans for the "nexiggation” Northern California system
were put on hold. This enforced wait provided the opportufat some ideas to mature and the
current plans for the NCMC are somewhat different from thersgsioned in 2001.

The current design draws strongly on the experience in 8oatg@alifornia for the develop-
ment of TriNet (Figure 11), with some modifications to allosv focal differences (such as very
different forms of data acquisition). In addition, the BShdathe USGS want to minimize use
of proprietary software in the system. The TriNet softwasesithree forms of proprietary soft-
ware: Talerian Smart Sockets (TSS) for inter-module comoation via a "publish and subscribe”
method; RogueWave software for database communicati@ahQaacle as the database manage-
ment system. As part of the development of the Northern Qali& Earthquake Data Center, the
USGS and BSL have worked extensively with Oracle databasgexending this to the real-time
system is not viewed as a major issue. However, we did takeghertunity to review options for
replacing Smart Sockets and RogueWave with Southern @afaesulting in joint agreement on
replacement packages and shared development effort.

In the last year, BSL staff, particularly Pete Lombard, hbeeome extremely familiar with
portions of the TriNet software. We have begun to adapt tlivace for Northern California,
making adjustments and modifications along the way. For pi@nfPete Lombard has adapted
the TriNet magnitude module to northern California, wheris irunning on a test system. Pete
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Figure 10: lllustration of the network services layer emongd as part of the Northern California system, showing the
picks/codas, amplitudes, triggers, and waveform sentfzaswill form the base of the parallel monitoring systems.

made a number of suggestions on how to improve the perforenainitie magnitude module and
has worked closely with Caltech and the USGS/Pasadena officatidns. One of the recent
discoveries with the magnitude module was related to d@iffees in the use of time bases in the
database schema between northern and southern California.

More recently, the BSL and the USGS Menlo Park undertook ffeete¢o develop and test
a design to exchange "reduced amplitude timeseries”. Ornbheofmportant innovations of the
TriNet software development was the concept of continusasgssing Kanamori et al., 1999],
where waveform data are processed to produce Wood Andeysiinesic amplitudes and peak
ground motions constantly. The system produces a reduteséries, sampled every 5 secs, that
modules can access to retrieve amplitudes in memory (stared "Amplitude Data Area” or
ADA) to calculate magnitude and ShakeMaps as needed. Irhthedst year, the BSL and the
USGS Menlo Park have collaborated to establish the toolthBaADA-based exchange. As part
of the software development in northern California, seMa@dules have been developed:

The first, ada2ring, reads from an ADA, creates an EW messageplops it into a ring where
it can be picked up and transferred between computers usingtandard EW import/export. The
second, ring2ada, will take the EW amplitude message and pub the ADA. More recently,
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Figure 11: lllustration of the modules that will be part oEtmonitoring system in northern California, showing
communication between modules and the database. This @ars dpon Earthworm modules for picking, triggering,
association, and location; TriNet modules for magnitudeplude generation, and coordination between events and
triggers; REDI modules for moment tensor and finite faultgessing; and ShakeMap.

some development in northern California now allows mugtigds to work on the same time base
and feed a single ADA (solving the problem of multiple radgkitag on the same channels).

This system is currently being tested in northern Califaymwith ADAs in Menlo Park and
Berkeley feeding an ADA in Berkeley that is being used to tlestmagnitude codes.

Additional capability needed in the future includes theatality to filter channels in the ADA
(so that NoCal does not send CI timeseries back to SoCalxtonple), and the ability to handle
location codes (currently in the NC version but not in the &&ion).



More information on the Northern California software deghent efforts is available &t t p:
/I ww. ci sn. org/ ncnc/.

4. 2001-2004 EARTHQUAKE MONITORING

During the time period of this contract, over 30,000 evengsenprocessed by the joint noti-
fication system in northern California. Most of these evemse small earthquakes, although a
number represent mislocated teleseisms, microwave g8tabr other blown events. Of the total,
1223 events had al/,; greater than 3.0, 339 events had/dp greater than 3.5, and 8 earthquakes
with M, greater than 5 was recorded, including the December 22, 38@35imeon earthquake.

Below we describe some of the interesting events - earthesuakd others - that occurred during
this time period, emphasizing, where appropriate, theolestearned.

4.1 2001 Portola earthquake

On August 10, 2001 at 20:19:26UTC\#;, 5.5 event occurred 15 km west of Portola, California
(39.893, -120.638). This event was processed by the auimsetem and a seismic moment
tensor was obtained within 8 minutes, indicating a strilkgraechanism (strike=328., rake=-170.,
dip=84) with scalar seismic moment of 4.39e+23 dyne cm. Altfh small, this event provided
the first operational test for the finite-fault system ddsamliabove.

Stage 0 yielded a rupture velocity of 1 km/s, the lowest adldw The low value reflects the
desire of the code to attempt to map slip close to the hypeceAtthough the line source results
indicated a slight preference for the NW trending plane, diierence was so slight that both
planes were tested during the full 2D inversion. The StagesRlts were a variance reduction
measure of goodness of fit of 10.9% for the SW-trending plamel®.4% for the NW trending
plane, indicating the difficulty with the small event.

This event occurred in eastern California, where the dgs$iseismic stations is relatively low
and highlighted the importance of collaboration with néighng networks. Shortly after the earth-
guake, Lind Gee (BSL) and David Oppenheimer (USGS) spenyandB&eno, discussing topics
such as waveform exchange, authoritative boundaries af reqtification and catalog production,
and after hours contact information.

4.2 2001 DOl Internet shutdown

On Thursday, Dec. 6, 2001, the USGS was ordered to discoatiextternal Internet connec-
tions by the Office of the Secretary of the Interior. The oridetuded email as well as popular
Web pages and lasted for 3 days.

BSL and USGS Menlo Park staff worked feverishly on the 5th@ihdo set up mechanisms for
distributing earthquake information through UC Berkelesing the private network which con-
nects them. For several years, the recenteqs Web pagesdmveavnilable through the NCEDC
(htt p: / / quake. geo. ber kel ey. edu/ r ecent eqs/ ) and this site was publicized broadly
so that the public would be aware of the alternative resourcaddition, the BSL set up tempo-
rary redistribution hubs for QDDS messages from northeriif@@aia so that the recenteqs maps
at the NCEDC and at the SCEDC would have access to the eakihgunassages. A similar
setup through Caltech provided access to southern Cahf@wents. Thirdly, the BSL worked
with the USGS so that ShakeMaps generated in Menlo Park waeilldosted on the NCEDC
(htt p: / / quake. geo. ber kel ey. edu/ shake/ ). Software was set up to allow BSL staff
to send out email notification of earthquakes to USGS clj@nBGS paging was unaffected.

The NCEDC Web server saw a doubling of hits during the days@fiOl Internet shutdown.
The recenteqs Web pages became the 3rd most popular URL HOHEBC and the ShakeMaps
were not far behind at 20th (in November 2001, the recentdrjs did not show up on the list of
top 30 URLs at the NCEDC).



4.3 2002 McCone generator failure

On March 7, 2002, a campus-wide power outage occurred whestun® seeped into a UC
Berkeley electric substation. The power failed a few miaitefore 5:00 PM local time. BSL staff
immediately noticed that the McCone generator failed td.sBhone calls were made to Physical
Plant and Campus Services (PPCS), but the extended natthie ofitage prevented PPCS staff
from responding for over two hours.

During this time, BSL staff made several attempts to briregMcCone generator online. The
initial failure of the generator was traced to a weak batt&Wen BSL staff replaced the battery,
the generator started up and then shut itself off after s¢weinutes, due to a leak in the water
pump.

As a result of the failure of the generator, the REDI systemtvedf the air around 5:30 PM
when the UPS system shut down due to a low battery conditlma (PS is designed to carry
the electrical load until the generator comes online). Asstibf critical computers were brought
back online when a personal generator belonging to BSL. stedf brought in around 8:00 PM.
A temporary fix to the generator was provided by PPCS aroudd BM, which allowed the rest
of the processing system to be restored. The generator wésligaepaired until March 26th, 19
days after the power outage.

The failure of the McCone generator was due to poor maintanadince the 2002 power outage,
the BSL has worked with PPCS to establish a routine of qugittead tests, which should improve
screening for problems such as this, as well as working wiitlerogroups to relocate the critical
activities to more robust campus facilities.

A future project for the BSL and the USGS Menlo Park is to dgthlcombined notification
by paging. Currently, each institution performs pagingiferown set of clients. A combined
system would allow either institution to perform paging tbclients and thus take advantage of
the physical separation and separate infrastructure tanerobustness.

4.4 2002 Gilroy

On May 14, 2002, a moderate earthquake occurred on the Gasttgust off the San Andreas,
near Gilroy. TheM;, 5.1 event had a7, of 4.9. Although a small magnitude difference in the
absolute, many lifelines and other agencies activate thsponse at magnitude 5.

The REDI system has routinely produced automatic estinatesoment magnitude(,,) for
many years. However, these estimates have not routinety as¢he “official” magnitude, due
in part to questions about the reliability of the automabtusons. However, in response to the
Gilroy earthquake and the complications created by theigatidn of multiple magnitudes, the
BSL and USGS Menlo Park have agreed to use automaticallyndieted moment magnitudes,
when available, to supplement estimates of local magni(ddg). The debelopment effort was
described above.

45 2002/2003 Swarmsin San Ramon and Dublin

In late November 2002, a small swarm of earthquakes occmeadthe Calaveras fault in San
Ramon. The largest event was\g, 3.9, with 4 events over M3.5. The pre-Thanksgiving events
were felt over a large area - the Community Internet Intgridiép reports approximately 2400 re-
sponses for the M3.9. The Northern California Managementé&gut together an Internet report
on the sequence and posted it on the CISN Web pagep: / / ww. ci sn. or g/ speci al /
evt.02.11. 24/ .

In early February, a small swarm of earthquakes occurredthe&alaveras fault in Dublin. The
largest event in this sequence was/Mp4.2, with 3 events of M3.5. In contrast to the events in
November, these events occurred sub parallel to the Calavault (Figure 12). As in November,
these events were felt over a broad area, although no danssgeported. Because of the attention
focused on these earthquakes and the possible implicdbomise Calaveras fault, the Northern
California Management Center published an Internet reporthe CISN Web pagehtt p: //
WWW. ci sn. or g/ speci al / evt. 03. 02. 02/ .



Seismicity in the San Ramon-Danville-Alamo Reglon 1969-2003
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Figure 12: This map illustrates the Feb 2003 Dublin and No@28an Ramon swarms in the context of historical
seismicity. Earthquakes from the USGS catalog 1970-208dkatted, with events of/;, ¢= 4.0 plotted with large
circles. Events associated with various sequences ategiatcolor: 1970 Danville (blue), 1976 Danville (turquejs
1980 Livermore (grey), and 1990 Alamo (green). Events frosm2002 swarm are plotted in yellow and the events
from 2003 are plotted in red.

4.6 2003 San Simeon

The December 22, 2003 M6.5 San Simeon earthquake is thestagent in California since
the 1999 M7.1 Hector Mine earthquake and results in 2 deattiwer 50 injuries (Figure 13).
Preliminary reports suggest that the most severe damagéwaseinforced masonry structures
that had not yet been retrofitted [e.§ERI, 2004]. Significant damage to water tanks has also
been reported and a number of wineries suffered significastdf wine barrels and their contents.
In the following description, we draw upon the San Simeororepf the CISN [Gee et al., 2004].

The automated procedures of earthquake location and nodgndetermination worked well
(Tables 1 and 2). A preliminary location was available witBD seconds, and a final location with
a saturated duration magnitud&/{) of 5.6 was released approximately 4 minutes after the event
occurred. An updated and more reliable local magnitude)(of 6.4 was released 30 seconds
later, and the final moment magnitud¥ () of 6.5 was released 6.5 minutes after the earthquake
origin time. The automatically determined first motion magism and moment tensor solution
each showed a reverse mechanism, in excellent agreemértheiteviewed mechanisms.

One of the most challenging aspects of this event was theob&kakeMap-quality stations in
the vicinity of the earthquake, particularly stations wettmmunications capability. The closest
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Figure 13: Left: Map showing the seismicity from 1966-200%ie region of the San Simeon earthquake. Earthquakes
with magnitude less than 3 are plotted as points; eventsmaéthnitude greater than 3 are plotted as squares. Moment
tensors solutions over the last 10 years are plotted in gr@ée location and mechanism of the M6.5 event are
shown in red. Also shown is the location and first-motion nagdisms of the 1952 Bryson earthquakesfilinger and

Bolt, 1987]. Right: Earthquakes and moment tensors in the regfitime San Simeon earthquake since the 12/22/03
mainshock. The aftershock region extends from the mairstwthe southeast. The solid line indicates the extent of
the line source determined on the 22nd for improving the 8hp. Triangles indicate the location of stations used
in the ShakeMap - yellow indicates near real time stationsy qndicates stations without communications that were
not available in near real time. Stations mentioned in tke-t€ambria, Templeton, and Parkfield - are labelled.

such station to the epicenter with continuous telemetry thasUC Berkeley station PKD, in
Parkfield, CA, at a distance of 56 km. The California GeolagBurvey (CGS) operates three
stations in the area - Cambria at 13 km, San Antonio Dam at 22kih Templeton at 38 km from
the epicenter. However, since these stations did not hiemédry, their data were not available
until hours after the earthquake. Caltech/USGS Pasadearatefstations to the south of the event,
but their nearest station was 60 km from the epicenter.

The first automatic ShakeMap was posted 8 minutes after & dvased on th&/; of 6.4 and
with 29 stations contributing. The first update occurred Gutes later based on the reviskf,
of 6.5 and the addition of 45 stations (mostly distant). Tiglwout December 22nd and 23rd, the
ShakeMap was updated multiple times with additional datelyding the observations from the
CGS stations at Templeton and Cambria) and as more infasmabout the earthquake rupture
(fault orientation and length) became available.

The San Simeon event provided an important proving grounth&finite fault processing. The
automatic codes performed correctly, although a configamahistake caused the inversion to use
the lower quality of the two moment tensor solutions obtdings a result, the finite-fault system
did not obtain optimal results. The computations provecktodtatively fast in this implementation,
with the line source inversion completed approximatelyherginutes after the event occurred and
the resulting predicted ground motions available six mesuater. The 2-D inversion and the
predicted ground motions were completed 30 minutes afeeeéinthquake.

Although the automated system had a configuration erropitheessed data were available for
rapid review by the seismic analyst. Using available strorggion and broadband displacement
waveforms, both line-source and planar-source analysksaited that this event ruptured nearly
horizontally to the SE from the epicenter, essentially i tlull-axis direction of the NE dipping
reverse mechanism. Because of this nearly horizontal gadigm rupture, it was not possible to
uniquely determine the causative fault plane, althoughetleas a slight preference for the NE
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Figure 14: Left: Map of instrumental intensity for the M6.&r5Simeon earthquake, after correction for the fault
distance calculation. Right: Close-up of the Communitgingt Intensity Map for the San Simeon earthquake.

dipping plane which is consistent with aftershock disttitmi. The southeast rupture produced
directivity-amplified ground motions toward the SE that ansistent with felt reports and the
damage in Paso Robles. The preliminary results from theewad finite source analysis were
included in the ShakeMap system approximately 4 hours #feeearthquake.

Only a few ShakeMaps have made use of finite source informatithe past - the 1999 Hec-
tor Mine and 2001 Denali earthquakes are examples. As natdiére the use of finite source
information is not automatically included in the ShakeMapailable to the public. Because this
component of the system has been seldom exercised, thei8aarsearthquake uncovered a prob-
lem in the code used to compute distances to a rupture segsra result, the ShakeMaps in
Figure 15c-f underestimate ground motions near the mididilieeofault trace. Figure 14 displays
the revised intensity map, which shows a broader area afisitieVIll than observed in Figure
15f.

The lack of nearby ShakeMap-quality stations resulted ipswaith an overwhelming reliance
on theoretically predicted ground motions. Figure 15 thates the evolution of the intensity map
with time. In Figure 15a and b, the source is modeled as a gounice and the maps show areas
of significant ground motions south and north of the epiaerfteur hours after the earthquake,
information about the fault rupture was added (c), basederinversion results dDreger et al.
[2004, see below]. The addition of the finite fault infornaatti(in this case, limited to the linear
extent and orientation of the fault) focused the higher gcbhonotions to the southeast and showed
more damaging shaking in the vicinity of Paso Robles. Howéwe most significant change in
the ShakeMap came with the addition of data from the Templstation, seven hours after the
earthquake (d). The high shaking observed at Templeton @/%aised all the intensity levels
significantly. Maps (e) and (f) show the intensity level attee addition of the Cambria data and
the map as of January 5, 2004.

As seen in Figure 15c¢, the addition of information about thdtflength and orientation was an
important addition to the ShakeMap, particularly given sparseness of instrumentation. This
methodology provides an important tool in areas with limhitgation distribution to improve
ShakeMaps.



CISN Timing

Earthquake Information UTC Time Elasped time
(HH:MM:SS)

Origin Time (OT) 12/22 19:15:56/ 00:00:00
Quick Look hypocenter 12/22 19:16:20, 00:00:24
Final hypocenter &1, 12/22 19:20:25 00:04:29
Local Magnitude 12/22 19:20:58 00:05:02
First Motion mechanism 12/22 19:21:36 00:05:40
Moment Tensor mechanism &4, 12/22 19:22:40 00:06:44

1st ShakeMap completed(;, 6.4) 12/22 19:24:13 00:08:17
Analyst review/1st aftershock probabilty12/22 19:32:00| 00:16:04
2nd ShakeMap completedA,, 6.5) 12/22 19:38:28 00:22:32
Analyst review of moment tensor 12/22 20:16:49 01:00:53

1st Internet Quick Report at cisn-edc.ord 2/22 20:30:— | 01:14:—
Analyst review of line source 12/22 21:54:— | 02:38:—
ShakeMap update with line source 12/22 23:33:— | 04:17:—
ShakeMap update with Templeton data 12/23 02:34:— | 07:18:—
Earthquake Report at cisn.org 12/2317:34:— | 22:18:—
Updated aftershock probabilty 12/23 22:54:— | 27:38:—
ShakeMap update with Cambria data | 12/24 00:28:— | 29:12:—
Preliminary science report at cisn.org | 12/24 23:44:— | 52:28:—

Table 1: Timing of earthquake information for the San Simearthquake.

Parameters of the Dec 22, 2003 San Simeon Earthquake
Automatic Reviewed

Origin Time (UTC) 19:15:56.24 19:15:56.20
Location (latitude longitude) 35.7058-121.1013 | 35.7043-121.1032
Depth (km) 7.59 7.34
My 5.62 5.35
My, 6.43 6.44
M, 6.50 6.50
FM Mechanism (strike/dip/rake) 297/56/97 105/35/80, 305/60/71 160/35/120
MT Mechanism (strike/dip/rake) 294/59/83 128/32/102 290/58/78 131/34/108
MT Depth (km) 8.0 8.0

Table 2: Comparison of parameters as determined by the atitbearthquake processing system with those obtained
after analyst review. Note that the value &f; is lower than theM, or M,, as the duration magnitude estimate
generally saturates around M4.0-4.5. FM - first motion; MToment tensor.
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